
TITLE OF THE INVENTION 

METHOD FOR DETERMINING SUPERFICIAL RESIDUAL 
STRESS AS APPLIED TO MACHINED, MECHANICALLY OR 
THERMALLY PROCESSED SURFACES 

5 This application claims priority from U.S. Provisional Application Serial 

No. 60/463,160 filed April 16, 2003. The entirety of that provisional application is 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

10 This invention relates to novel, economical methods for determining the 

residual stress levels in machined, mechanically or thermally processed 
components and whether the stress is tensile or compressive. This invention also 
relates to a method of modeling of a component residual stress from production of 
raw billet through to a finished component. 

15 Background of the Technology 

Machining is the principal manufacturing process in the world with some 
10 -15% of the value of all goods being attributed either directly or indirectly to 
machining [Merchant. 19991 . However, with today's economic climate 
demanding products to be manufactured at increasingly reduced cost, machining 

20 cycle times have dramatically dropped. The use of high speed machining (HSM) 

techniques allows for high material removal rates, which in turn reduces machining 
cycle times [2, 3, 4 & 5 ] [Dewes et al.. 1995: Wvatt. 2002. Dewes et al.. 1996: 




Smith etal.. 19981 . Unfortunately, the capital cost of the equipment employed in 
HSM is high, which leaves machine shops that cannot make this type of investment 
in a precarious position with regard to the market place that they serve. 

Conventional CNC machine shops are looking at increasing their 
5 machining parameters such as cutting speeds and feed rates etc. to improve 
productivity. However, these increases in speeds and feeds can lead to the 
machined surface, although visually acceptable, becoming abused. This abuse of 
the finished surface can lead to the component suffering from premature failure as 
a result of residual stresses that have been induced by the more abusive machining 
10 regime that the current market place has dictated. 

Residual stress in a machined component is critical in determining both the 
wear and the fatigue characteristics of that component [6 & 7] [Liu et al.. 1984: 
Arndt. 19711 . It is not just the levels of stress that are critical but whether the stress 
is tensile or compressive. A machined surface that has tensile residual stress 
1 5 induced by the machining process would be prone to fatigue cracking whereas a 

machined surface with compressive residual stress would be resistant to fatigue 
cracking f9j [Kalpakiian. 20011 . 

The experimental study of residual stresses associated with machined 
surfaces goes back at least fifty years fWJ IHenricksen. 1951j . Much of the early 
20 work was concerned with turning operations in an attempt to simplify the 

subsequent analysis of the mechanical state obtained. Extensive progress has since 
been made using a finite element method based approach to predicting residual 
stress distributions present after machining. Investigators have considered the 
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highly important effects of sequential cutting action, as well as un-cut chip 
thickness in their simulations [11 & 12] ILiu et al.. 2000: Guo et al.. 20001 . Those 
investigators have presented both residual stress profiles from the machined 
surface inwards, as well as the stress strain history of surface elements in their 
5 studies. Dominating are the effects of un-cut chip thickness in controlling the 

nature of the residual stress in the direction of the cut (tension versus compression). 

In several of the experiments mentioned above, the investigators have 
assumed an initial state of zero stress and strain in the elements concerned. 
However, it is recognized that for heavy sections where there exist significantly 
10 differing cooling histories after heat treatment, for example thick aluminum alloy 
plate, the initial state of residual stress must be taken into account in subsequent 
modeling. Pechiney, has used such information in their simulations on the 
machining of billet intended for aerospace applications [Hevmes et al., 19971 . 

Consequently, both material as well as final mechanical states must be taken into 
1 5 account if effects of subsequent behavior in monotonic or repeated loading are to 

be predicted. 

Recent work on wrought aluminum alloys by SAAB, studied the effect of 
high speed machining on the fatigue strength of an aluminum workpiece fl-4J 
lAnsell. 19991 . The results were compared with those for samples that were 
20 prepared by conventional machining. The aluminum alloy was 7010-T7451, and 
panels were produced using different methods of machining. Fatigue test data 
showed that first a decrease in fatigue resistance was observed when the cutting 
speed increased above the conventional speed level, 100 m/min, but then an 
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increase occurred when the cutting speed was raised towards 3,000 m/min. The 
minimum resistance appeared to be in the speed range of 200 to 500 m/min. The 
fatigue life of the specimens was also dependant upon the cutting mode employed. 
Climb milling was shown to give the largest reduction in fatigue resistance, while 
5 face cut milling seemed to develop a less serious reduction. Up-cut milling also 
gave a considerable reduction but less than that of climb milling. (See Fig. 1). 

In reviewing the SAAB investigation iBlom et al.. 20011, the Swedish 
Defense Research Agency presented an S-N curve indicating a serious reduction in 
fatigue life for various maximum stress levels. (See Fig. 2). Other researchers have 
10 suggested that high speed machining can be beneficial. For example, work at 
Sikorsky Aircraft supported by residual stress measurements at United 
Technologies Research Center [1 6 ] (Fitzsimmons et al.. 20001 suggests that near 
surface residual stresses in ground surfaces of a wrought titanium alloy can become 
tensional, whereas with the high speed machined condition chosen (not specified) 
15 the sub-surface residual stresses are predominantly compressive. 

From an analysis of the work that has previously been undertaken there is 
still much that is not understood about how residual stresses are formed in high 
speed machining [17 & IMarchal. 2003: Pevronel. 20021 . It is felt that there 
may be windows of opportunity that high speed machining can exploit to give 
20 excellent fatigue life but that these areas have not yet been mapped, as shown in 
FIG. 1. 

The current state of the art to measure residual stress is through the use of 
X-ray diffraction or neutron diffraction to measure residual stresses at a 
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sub-microscopic level. Such methods measure how much the atomic spacing in the 
lattice structure of the material has changed and then calculates the residual stress 
from these measurements. However, these methods are both expensive and 
technically complicated to operate. There remains therefore a need for an accurate, 
5 easy to use, and economical method to measure residual stress. 

SUMMARY OF THE INVENTION 
The present invention provides a method of determining the residual stress 
of a material that includes: marking the material with two or more gage marks, 
measuring the first distance between the gage marks, stress relieving the material, 
10 measuring the second distance between the gage marks, and calculating the 
difference between the first distance and the second distance and thereby 
determining the amount of elastic residual strain in the material. 

Also provided is a method of determining the residual stress of a material 
that includes: marking the material with one or more sets of gage marks or lines, 

1 5 measuring the first distance between the gage marks or lines, stress relieving the 
material, measuring a second distance between the gage marks or lines, and 
calculating the difference between the first distance and the second distance and 
thereby determining the amount of elastic residual strain in the material. 

Also provided is a system that can be used to determine the residual stress 
20 of a material, the system including: a marking device for marking the material with 
one or more sets of gage marks or lines, a measuring device for measuring a first 
distance between the gage marks or lines, a device for stress releasing the material. 
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a second measuring device for measuring a second distance between the gage 
markers or lines, a calculating device for calculating the difference between the 
first distance and the second distance and thereby determining the amount of elastic 
residual strain in the material. 

5 Also provided is a system that can be used to determine the residual stress 

of a material, the system including: a means for marking the material with one or 
more sets of gage marks or lines, a means for measuring the first distance between 
the gage marks or lines, a means for stress relieving the material, a means for 
measuring a seeond distance between the gage marks or lines, and a means for 
10 calculating the difference between the first distance and the second distance and 
thereby determining the amount of elastic residual strain in the material. 

Also provided is a method of determining residual stress levels and whether 
they are tensile or compressive in nature. 

Also provided is a method of modeling of a component residual stress from 
1 5 production of raw billet through to finished machined component. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graphie display indicating Ansell’s data on the effect of high 
speed machining on the fatigue strength of the material being machined. (Ansell 
lAnsell. 19991 . 

20 FIG. 2 is a graphic display indicating Blom’s data showing a serious 

reduction in fatigue life or various maximum stress levels. (Dlom 1 6) IBlom et al.. 

20011 . 
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FIG. 3 is a diagram of the concept of the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention looks at the residual stresses on a macroscopic level, 
and offers a low cost alternative that can be employed in most machine shops 
5 equipped with a toolmakers microscope and a small oven to stress relieve 
components/test pieces. 

It is known that if a machined, mechanically or thermally processed surface 
is micro-hardness tested it will give a measurement of hardness when compared to 
its original hardness. When the processing takes place there is some hardening or 
1 0 softening of the surface, depending on the component material and the processing 
parameters employed. If the component is then carefully stress relieved then the 
micro-hardness indentations in the machined, mechanically or thermally processed 
surface could possibly contract or expand depending whether the inherent residual 
stress of the machined, mechanically or thermally processed surface was tensile or 
15 compressive. 

Machined, mechanically or thermally processed surfaces could also be 
micro-hardness tested with micro-hardness indentations being made at right angles 
to each other to investigate effects due to anisotropy and/or unequal residual 
stresses. The micro-hardness measurements would be taken on any 
20 micro-hardness-testing machine. The specimens would then be stress relieved 
imder controlled conditions. The micro-hardness indentations would then be 
re-measured by the micro-hardness-testing machine. The results that would be 
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anticipated are that the micro-hardness indentations will expand if the residual 
stress in the machined, mechanically or thermally processed surface is compressive, 
or if the residual stress is in tension then the indentations will contract. This 
amount of expansion and contraction will enable the amount of elastic strain that 
5 the processed surface had experienced to be calculated. From this strain 

measurement and the use of Young’s Modulus and Poission’s Ratio the amount of 
residual stress in the processed surface can be calculated. 

The present invention marks the machined, mechanically or thermally 
processed surface with two or more sets of gage marks comprising micro-hardness 
10 indentations, or lines made using a vernier height gage or other marks placed on the 
material, said marks suitable for determining distance between two or more points. 
If the component is then carefully stress relieved then the distance between the 
gage marks in the processed surface will either contract or expand depending 
whether the inherent residual stress of processed surface was tensile or 
1 5 compressive. 

The gage marks can be spaced according to the properties of the material 
being measured and the measuring instrument. The material properties include the 
type of material and the expected magnitude of the residual stress on the material. 
The accuracy of the measuring device is also a consideration as the change in the 
20 distance between the gage marks after the material is stress relieved must be 
determined with differences as small as 0.001 inch, or less, with acceptable 
precision. 
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Through calculation it has been determined that the gauge marks would 
have to be 2" apart to allow for measurement on generally available laboratory 
equipment. These calculations follow. A typical A1 - 4.5% Cu wrought alloy has 
the following properties: 

5 Tensile Strength (aTS) 60,000 psi 

0.2% Yield Strength (ay) 45,000 psi 

Elongation 20% 

The Yoxmg's modulus of such a material is approximately 10,000,000 or 10’ psi. If 
it is assumed that a unidirectional residual elastic stresses in a component vary 
10 between 10% and 100% of the yield stress - a quite likely variation in the case of a 

cast aluminum version of the alloy fI-4J [Ansell. 19991. the sensitivity of the 
method can be estimated in the following manner: 

10% ay (Worst Case) 

Elastic Stress = 0.1 x (45 x 10^) = 45 x 10’ psi 
15 Elastic Strain = 45 x 10’ / Young's Modulus 

= 45 X 10’/ 10’ 

= 4.5 X 10"* 

For markings spaced 2" apart the displacement would be given by: 

Displacement = Distance between marks x Strain 
20 = 2 X (4.5 X lO ") 

= 9x10"' 
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« 0.001 



Thus, the worst case scenario does not present a problem since 
instrumentation such as a traveling microscope will be able to measure to 0.001" 
quite easily. 

5 This scenario does not present a problem with instrumentation as a traveling 

microscope will be able to measure to 0.001" quite easily. However, other spacing 
for the gage marks could be used taking into account the material properties and 
accuracy of the instrument being used for the measurement. 

Machined, mechanically or thermally processed surfaces are marked using a 
1 0 vernier height gage, a micro-hardness-testing machine, or any other means apparent 

to one skilled in the art. The marks are considered gage marks. Block gages or any 
other means apparent to one skilled in the art can be used to give a reproducible 
gage length of the appropriate magnitude. Preferably, the gage marks will be made 
parallel to each other. Additional gage marks can be made at different orientations 
15 to each other to eliminate any possibility of errors due to inherent residual stresses 
in the test piece. The distance between the gage lines are then measured using a 
traveling microscope or any other means of measuring. Preferably, the gage lines 
are measured with the aid of gage blocks to allow for quick and accurate movement 
of the test piece through the gage length. The specimens are then stress relieved 
20 under controlled conditions appropriate for that material. The new distance 

between the gage marks is then re-measured by the traveling microscope or any 
other means of measuring. Preferably, the gage blocks are used to increase the 
accuracy and speed of the measurement. This second measurement determines the 
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amount of strain and whether the strain in the machined, mechanically or thermally 
processed test piece surface is tensile or compressive. Through the use of Young’s 
Modulus, Poission’s Ratio and from the measured strains the amount of residual 
stress that was induced by the processing operation is derived. 

5 Machined, mechanically or thermally processed surfaces are marked using 

electromechanical devices, mechanical devices, electrical devices, chemical 
devices, and combinations thereof. Other means for marking the surfaces include 
human, electrical, steam, and hydraulic powered devices. 

The distance between the gage marks can be measured with a vision system 
10 although any system of providing accurate measurement will suffice. The preferred 
vision system detects the relative position of the gage marks or lines and then can 
transmit the first and second measurement to a computer system for processing. 

The vision system preferably comprises sensors that detect the gage marks or lines. 
The sensors employed in the present invention can be infrared, optical, acoustic or 
1 5 any other sensor means that would be apparent to one skilled in the art. 

A computer system is used to calculate the amount of elastic residual strain 
including determining whether the strain is tensile or compressive by using the 
relative position of the first and second gage marks or lines detected by the vision 
system. The computer system determines the amount of elastic residual strain and 
20 through the use of Young’s Modulus, Poission’s Ratio and from the measured 

strain the amount of residual stress that was induced by the processing operation is 
derived. 
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Should the material under investigation have previously undergone an aging 
reaction (e.g. an aluminum alloy in the T6 condition) stress relief is accomplished 
by overaging. Although the flow stress and thus hardness will change, the elastic 
modulus does not change significantly, since it depends upon the interatomic forces 
5 and not upon the forces required to initiate slip. Thus the present invention can be 
used to measure the residual stress in such a material. 

This invention can be used on various types of metals including but not 
limited to constructional and tool steels, stainless steels, titanium, aluminum, 
copper, nickel and zinc based alloys. It would also be applicable to other 
10 nonferrous metals and any machinable metals, castable metals, weldable metals, or 
combinations thereof. 

The present invention provides an inexpensive method for determining 
superficial residual stresses that are present after machining or surface treating a 
material. 

1 5 Measurement of these residual stresses at a micro level is a complex 

process that necessitates the use of sophisticated x-ray, neutron or electron 
diffraction equipment, requiring highly skilled operators [1 9 , 20 &21] fCallister Jr.. 
2000: Proffen et al.. 1998: Tissue. 20001 . Research has however, been imdertaken 
to determine the effect of residual stresses on micro-hardness indentation size 
20 ISimes et al.. 19841, which shows promise. Preliminary work utilized pre-stressed 
cruciform test pieces that were micro-hardness tested ISimes et al.. 19841 . 

It has been demonstrated that the indentation produced by the 
micro-hardness tester deformed once the tension on the cruciform component was 
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released, thus indicating that micro-hardness testing can determine if a residual 
stress was either tensile or compressive ISimes et al.. 19841 . The use of 
micro-hardness indentations requires extensive modification of the sample stage of 
the microscope involved to permit residual stress to be measured in both the 
5 longitudinal and latitudinal directions, as the diamond indentation is very small and 
will give the measurement a low sensitivity. 

As an alternative to the above approach, the inventors have provided a more 
simplistic, economical method. In this method, a previously machined surface is 
provided with parallel gage marks separated by a given distance. The sample 
10 material is then stress-relieved and the change in distance between the gage marks 
is measured. If the surface had been in tension the distance will have decreased, 
while had it been in compression it would have increased. This method provides 
an inexpensive method for determining whether, for example, the surface had been 
abusively machined. The change in distance between the gage marks would, of 
1 5 course, depend on the material and the machining parameters involved, in 

particular the cutting speed fWvatt. 20021 . 

This method can be easily demonstrated on materials subjected to an 
abusive machining regime. A specially designed large diameter dual plane balanced 
face mill can generate cutting speeds up to 3,000 m min-1 (9,000 sfm) on a 
20 conventional CNC machining center [3, 5] (Wvatt. 2002: Smith et al.. 19981 . The 
special nature of this face mill provides a cutting regime that has both high impact 
loads and cutting temperatures applied to the test piece, which are good initiators of 
residual stresses. Such a mill can be used to machine the materials as it can be 
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readily adapted to work on different materials simply by changing the cutting 
inserts. 

Therefore, through the use of machining equipment and cutters and existing 
simple instrumentation, which are readily available, abusive machining practices 
5 can be identified, which through ratification via x-ray or neutron diffraction 

techniques can subsequently be developed into the economically viable residual 
stress analysis technique of the present invention. This technique not only 
represents an economical approach but can provide a badly needed commercial 
standard for machine shops. Thus the present invention can benefit many 
10 companies, especially in the aerospace and automotive industries. 

Exemplary test using the method of the present invention can be conducted 
on pure aluminum and/or copper, as these materials are easily stress relieved. 
Should the material under investigation have previously undergone an aging 
reaction (i.e. as with an aluminum alloy of the 2XXX or 6XXX series) it should be 
1 5 noted that stress relief will be accompanied by overaging. Although the flow stress 

and thus hardness will change, the elastic moduli will not, since they are dependent 
upon the interatomic forces rather than the forces required to initiate slip. The 
machining trials can be undertaken at various cutting speeds and feeds which will 
be determined through the use of Taguchi techniques, which are well known to 
20 those skilled in the art. 

The machined surfaces can then be marked using a diamond tipped scriber, 
a vernier height gauge and slip gauges to provide an accurate gauge length, with 
pairs of marks being made at right angles to each other to examine transverse as 
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well as longitudinal effects in the as-received billet. The distance between gauge 
lines can then be measured on a traveling microscope. The specimens can then be 
stress relieved under controlled conditions. Subsequently the distances between the 
marks can again be measured by the traveling microscope. This second 
5 measurement determines the amount of strain and hence whether the stress in the 
machined testpiece surface was either tensile or compressive. 

It is within the concept of the present invention to provide a model or stress 
profile for specific materials, which have imdergone specific machining processes. 
Such a profile can be derived by conducting the method of the present invention on 
10 a plurality of samples of specific materials that have been machined in a specific 
manner and from the results obtained, calculate a median or expected result for a 
wide variety of materials and machining processes. By establishing a baseline or 
expected result for certain specific criteria in the use of the present invention 
method, a user can benefit from the expectation that similar results will occur when 
1 5 those specific criteria are met. 

The inventors have discovered that the distance between the residual stress 
gauge marks will expand if the residual stress in the machined surface is 
compressive, or if the residual stress is in tension then the distance between the 
gauge marks will contract. The amoimt of expansion and contraction is readily 
20 measurable and using that measurement enables the amount of strain that the 

machined surface endured to be calculated. The present invention greatly enhance 
the determination of residual stress, and will be a helpful tool for many researchers 
in the field of machining who do not have access to expensive x-ray or electron 
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diffraction equipment. Also, as indicated above, a method of establishing a new 
standard for the estimation of residual stresses in the macro environment has been 
developed. 

The present invention also provides an alternative method for determining 
5 residual stress in abusively machined surfaces. This alternative method provides an 
inexpensive process for determining residual stress levels and whether they are 
tensile or compressive in nature; and underlines the need to appreciate the impact 
of abusive machining practices. 

Measurement of residual stresses is a complex process that requires the use 
10 of sophisticated x-ray diffraction equipment, requiring highly skilled operators 

rCallister Jr.. 20001 . Work has been undertaken to utilize micro-hardness testing to 
determine the levels of residual stress f24f [Askeland. 1990] . However, the 
problem with micro-hardness testing is that although it gives a level of residual 
stress it does not indicate whether that stress is tensile or compressive. If 
15 micro-hardness testing could tell this important aspect of residual stress 
characteristics it would be beneficial in making micro-hardness testing an 
inexpensive alternative to x-ray diffraction techniques. Work has been undertaken 
utilizing pre-stressed cruciform testpieces that were micro-hardness tested 
rSimes et al.. 1984] . This work demonstrated the indentation produced by the 
20 micro-hardness testing machine did deform once the tension on the cruciform 

component was released, thus showing that micro-hardness testing could determine 
if a residual stress was either tensile or compressive. 
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If a machined surface is micro-hardness tested it will give a different 
measurement of the hardness of the machined surface when compared to its 
original hardness. If abusive machining takes place there will be some hardening or 
softening of the machined surface, depending on the component material and the 
5 machining parameters employed, especially cutting speed f3^ [Wvatt. 20021 . If the 
component was then carefully stress relieved then the micro-hardness indentations 
in the machined surface will either contract or expand depending whether the 
inherent residual stress of the machined surface was tensile or compressive. To 
undertake such a study an abusive machining regime must be performed on the 
10 testpieces. 

The inventors have thus discovered that through the use of machining 
equipment and cutters that are available at little cost, and a modestly equipped 
metallurgy laboratory, abusive machining practices can be identified, which 
through ratification via x-ray diffraction techniques can be developed into an 
1 5 economically viable residual stress analysis technique. This cost-effective 

technique can provide a commercial standard for machine shops. Another benefit 
would be that such techniques would also provide a completely documented 
machined surface characterization service. A service such as this can be invaluable 
to companies in need of an economical and highly accurate predictive method for 
20 evaluating new machining practices. The savings to such industries as the 
automotive or aviation industries would be enormous. 

In developing this alternative method, the initial tests will be undertaken on 
pure aluminum and/or copper, as these materials are easily stress relieved. The 
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machining trials are undertaken at various cutting speeds and feeds which will be 
determined through the use of Taguchi techniques, as before. 

The machined surfaces can then be micro-hardness tested with the 
indentations being made at right angles to each other to eliminate any possibility of 
5 errors. The micro-hardness measurements can be taken on the 

micro-hardness-testing machine and as a check they can be re-measured on a 
scanning electron microscope (SEM). The specimens can then be stress relieved 
under controlled conditions. The micro-hardness indentations can then be measured 
by both the micro-hardness-testing machine and the SEM. This second 
1 0 measurement determines if the stress in the machined testpiece surface was either 
tensile or compressive. 

A number of tests using the method of the present invention can be 
undertaken at each of the selected machining parameters and a full statistical 
analysis of the results can then be undertaken to give a degree of confidence to the 
15 final conclusions and expected results in developing a model or stress profile. 

Employing this alternative method, the micro-hardness indentations will 
expand if the residual stress in the machined surface is compressive, or if the 
residual stress is in tension then the indentations will contract. This amount of 
expansion and contraction will enable the amount of strain that the machine surface 
20 had endured to be calculated. This method greatly enhances the use of 

micro-hardness testing as a tool for the determination of residual stress, and can 
help many researchers in the field of machining who do not have access to 
expensive x-ray diffraction equipment. 
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All references cited with this application and listed below are herein fully 
incorporated by reference. Variations, modifications, and additions to this 
invention will be readily apparent to one skilled in the art and such modifications 
and additions would be fully within the scope of the invention, which is limited 
5 only by the following claims. 
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